A laboratory wastewater treatment membrane bioreactor (MBR) with a submerged hollow-fibre membrane was used to investigate the major foulants in sludge mixtures.
Introduction
Membrane bioreactor (MBR) technology has become increasingly attractive for biological wastewater treatment in recent years due to its high-quality effluent, compacted system and low sludge yield [1, 2] . However, membrane fouling is still the major concern in wider and large-scale MBR applications [3, 4] . Membrane fouling in MBR results from the deposition of biomass and other organic and inorganic foulants onto the membrane surface [1, [5] [6] [7] . This fouling causes a great reduction in filtration flux and hence a large decrease in the cost-effectiveness of the treatment system [4, 8] . Because of the complexity and variability of the foulants and their mutual interactions in the MBR, membrane fouling is a highly complex phenomenon that is still poorly understood [9, 10] . The concentrated biomass sludge in the reactor is supposed to be the main material that forms the fouling layer on the membrane surface [5, 7, 10] . However, other organic substances in the sludge suspension, including soluble microbial products (SMP) and extracellular polymeric substances (EPS), are also believed to play an important role in the membrane fouling process [11] [12] [13] .
Recent studies have revealed a pool of organic matter deemed to be biopolymer clusters (BPC) in the liquid phase of the MBR sludge mixture [13, 14] . These BPC are neither microbial mass nor EPS, and they are non-filterable organics much larger than SMP. It is expected that BPC play a crucial role in the formation of the sludge fouling layer on the membrane surface. The accumulation of BPC within the pores of the sludge cake layer on the membrane surface is primarily responsible for the high filtration resistance of the sludge cake observed in MBR [14] . The detrimental function of BPC as an important foulant offers new insight into the mechanism of membrane fouling in MBR. However, direct evidence has yet to be found for the actual occurrence of BPC in an MBR system. The chemical nature and the formation and accumulation of BPC in MBR remain to be investigated.
Fluorescently labelled staining techniques have been used to examine the distributions of microbial cells and EPS in activated sludge [15] , aerobic granules [16, 17] and biofilms [18] via confocal laser scanning microscopy (CLSM). Kim et al. [19] stained the cells, polysaccharides and proteins in biofilm using different probes for microscopic observation.
Chen et al. [20] elucidated the structure of the biofouling layer with CLSM images using a multiple staining scheme for nucleic acids, proteins and α-and β-d-glucopyranose polysaccharides in the fouling layer. Ferrando et al. [21] was able to characterise membrane fouling with CLSM and to visualise and identify several fouling agents in a sludge mixture.
In the experimental study reported herein, CLSM was employed together with a triple staining method to identify the different foulants in the MBR suspension and the sludge fouling layer on the membrane surface. Individual BPC were separated from the biomass and visualised under CLSM. The main chemical composition of the BPC in terms of their polysaccharide, protein and humic content was analysed, and the effect of BPC on MBR fouling was demonstrated.
Materials and Methods

MBR set-up and operation
A laboratory submerged membrane bioreactor (SMBR) with a working volume of 5 L was used for the membrane fouling study. A 0.4-μm polyethylene hollow-fibre membrane module (surface area = 0.2 m 2 , Mitsubishi Rayon) was immersed in the SMBR. A pump was used to withdraw the effluent through the membrane at a filtration-to-idle cleaning ratio of 18 min:2 min. Aeration was provided at the bottom of the reactor for continuous membrane cleaning. While the SMBR was operated in constant flux mode, the trans-membrane pressure (TMP) was monitored with a manometer in mmHg. The TMP was increased gradually with time from an initial value of about 7 kPa to around 80 kPa before membrane cleaning with a water wash. The other details of the set-up and operation of the SMBR are similar to those previously described [7, 22] . was maintained at a level of around 10 g/L throughout the 10 months of the MBR experiment.
Sludge samples
During the MBR operation, both the effluent and the bulk activated sludge (AS) from the MBR suspension were sampled twice a week. For an AS suspension sample of 50 mL, the biomass and the liquid phase were separated by centrifugation at 4000 g for 15 min. The centrate of the sludge, or the AS supernatant, was collected to analyse its organic content, including its TOC and the concentrations of proteins, polysaccharides and humic substances.
The organic content of the MBR effluent was regarded as SMP. The difference in TOC concentration between the AS supernatant and the MBR effluent was assigned to the BPC in the liquid phase of the AS suspension. Subsequently, a portion of the AS supernatant was filtered through a 0.4-μm polycarbonate membrane filter (Osmonics). The non-filterable BPC collected on the filter were then dissolved in 20 mL of warm deionised water, and the organic matter in the solution was analysed for its protein, polysaccharide and humic content.
When the membrane in the SMBR was severely fouled, the cake sludge (CS) layer was scraped off the membrane surface using a spatula. The recovered CS was re-suspended and dispersed by stirring it into a 0.05% NaCl solution to a SS concentration of around 10 g/L.
The CS suspension of 50 mL was then centrifuged at 4000 g for 15 min, and the centrate was collected for organic analysis. A portion of the CS supernatant was then filtered through a 0.4-μm polycarbonate membrane filter (Osmonics). The difference in TOC between the CS supernatant and its filtrate was the BPC in the CS. The non-filterable BPC on the filter was dissolved in 20 mL of warm water and analysed for its composition of proteins, polysaccharides and humic substances.
The biomass of the MBR sludge was also analysed for its EPS. After sludge-water separation by centrifugation, the sludge pellet in the centrifugal tube was re-suspended using a vortex mixer (Maxi Mix II, Thermolyne) in 0.05% NaCl solution to the original volume (50 mL) of the sludge sample. Following a heat extraction method [24] , the sludge suspension was heated to 50˚C for 25 min in a water bath. A lower temperature was used to minimise cell breakage and lysis during EPS extraction [25] . The sludge mixture was then centrifuged at 4000 g for 15 min, and the centrate was regarded as the EPS extract of the sludge.
Analytical analysis
Each of the liquid samples, including the MBR effluent, the AS supernatant, the CS supernatant and filtrate, and the EPS extract of the sludge, was analysed for its concentrations of TOC, proteins, polysaccharides and humic substances. The TOC was measured with a TOC analyser (TOC-5000A, Shimadzu). The protein and humic content was determined via an UV/VIS spectrophotometer (Lambda 25, Perkin Elmer) following the modified Lowry method [26] and using albumin bovine (Sigma) and humic acids (Fluka) as the standards, respectively. The polysaccharide content was measured according to the phenol method [27] using glucose as the standard. In addition, the influent COD and the SS of the sludge suspension were measured in accordance with Standard Methods [28] .
Visualisation and examination of biopolymer clusters (BPC)
CLSM was employed to identify the BPC in the liquid phase of the SMBR sludge samples. For sample preparation, the biomass and liquid of the sludge (AS or CS) suspension were separated by sedimentation for 12 hrs at 4 o C in a refrigerator. The supernatant was then filtered gently through a 0.4-μm black polycarbonate membrane (25 mm, Osmonics), and the materials collected on the filter were stained before microscopic observation [7, 17, 29] . Three The stained filter was observed for BPC and cells with a CLSM (LSM Pascal, Zeiss, Thornwood, NY). Probe detection was carried out using an optical filter set that consisted of an HFT488 nm/545 nm beam splitter with a 488 nm laser beam. An NFT488 nm beam splitter was used together with a BP505-530 nm bandpass filter for the bacteria stained by SYTO9, and its combination with a setting of 543 nm/NFT545/LP560 was used for the polysaccharides stained by ConA-TRITC [7, 17] . An NFT488 nm beam splitter and a BP560-585 nm filter were used for the proteins stained by NanoOrange [30] . Two lenses, 40X/0.85NA (Fluar), were used for the bacterial cells and BPC polysaccharides, with 10X/0.5NA (Fluar) used for the BPC polysaccharides. The stained BPC particles in the CLSM image were sized and counted using image analysis software (AnalySIS, 3.1, Soft
Imaging System, Olympus, Germany). More than 50 view-fields were analysed for each sample to obtain a size distribution of BPC larger than 2.5 μm.
The biomass of the sludge (AS and CS) samples was also observed with CLSM. The AS suspension (~10 g/L) of 1 mL was filtered to form a thin sludge layer on a 0.4-μm black polycarbonate membrane filter (25 mm, Osmonics) for microscopic observation. Afterwards, an additional 20 mL of the AS supernatant was filtered through the filter. The biomass and BPC on the filter were stained and examined under the CLSM following the procedure previously described.
Results and Discussion
CLSM visualisation of the biopolymer clusters in the SMBR sludge
The supernatant of the MBR sludge mixture had a consistently higher organic concentration than did that of the permeate effluent ( Fig. 1) , which agrees well with previous findings [7, 31, 32] . On average, the organic content measured as TOC in the MBR effluent accounted for less than 70% of the organic content in the liquid phase of the bulk sludge. The organic residue in the effluent was mainly that of SMP [31] [32] [33] . The reduction in organic concentration from the MBR sludge supernatant to the effluent indicates a considerable retention of organic solutes by membrane filtration. The organic substances other than SMP in the MBR suspension are specified as BPC [13] , which are apparently larger than SMP and unable to pass through the membrane with the permeate.
With CLSM after staining, the individual BPC collected on the filters from the supernatants of the MBR sludge mixture and the cake sludge could be directly visualised.
Both the microbial cells and the organic macromolecules could be well recognised and differentiated thanks to the triple fluorescent staining technique. The CLSM photos show a large number of BPC particles in the liquid phase of the MBR sludge (Fig. 2a) . A few bacterial cells, which appear as green dots in the photos, were also found. Some bacteria were embedded within the clusters; however, there were no typical microbial aggregates left in the AS or CS supernatant samples (Figs. 2a and 2b) . However, unlike the EPS that are associated with microbial cells, BPC are independent of biomass and can be readily separated from the sludge through configuration or sedimentation.
Different from SMP, which are primarily filterable organic substances, BPC are much larger organic solutes (Fig. 2) . The BPC in the supernatant of the AS suspension ranged in size from 2.5 to about 40 μm, and those in the CS supernatant ranged from 2.5 to more than 60 μm (Fig.   3 ). For the same amount of biomass, the CS removed from the fouled membrane surface contained more abundant and larger BPC than did the MBR bulk sludge. It should be noted that some BPC, particularly the large ones, may have been broken into small BPC during the pre-treatment for CLSM observation. As a result, the BPC abundance and size distribution may have been under-represented by the CLSM images.
Chemical analysis of biopolymer clusters
The cake-layer sludge had a BPC content of more than 16.8 mg TOC/g SS with a
higher protein fraction of around 50%, a lower polysaccharide fraction of about 30% and a humic fraction of 20% (Figs. 4a and 4b) . In comparison, the MBR bulk sludge had a lower BPC content of about 0.4 mg TOC/g SS with protein, polysaccharide and humic proportions of around 40%, 45% and 15%, respectively. The BPC contained less humic materials than did the EPS of the MBR sludge, which had protein, polysaccharide and humic content of around 40%, 20% and 40%, respectively (Fig. 4) . This is most likely due to the firm attachment of humic matter to the surface of the bacterial cells and hence to less release of humic materials into the liquid phase of the sludge suspension [35] .
The ratio of proteins/polysaccharides (PN/PS) in the CS BPC (1.45) was higher than that in the bulk sludge BPC (0.80). According to Lee et al. [33] and Sponza [36] , a higher PN/PS ratio induces a higher level of hydrophobicity. In relation to their hydrophobicity and surface charge, the affinity between proteins and sludge flocs should generally be greater than that between polysaccharides and flocs [37] . This would help to explain why a greater amount of protein was found in the BPC within the CS layer, although a higher amount of polysaccharides was found in the BPC in the AS suspension.
In relation to the biomass content, the SMP in the MBR effluent was about 0.2 mg TOC/g SS on average, with a protein fraction of around 25%, a polysaccharide fraction of about 40% and a humic fraction of more than 35% (Fig. 4) . The AS supernatant contained both SMP and BPC, for an average organic content of about 0.6 mg TOC/g SS (Fig. 4 ). There were greater proportions of polysaccharides and proteins and a small fraction of humic substances in the AS supernatant than in the effluent SMP. This comparison between the AS supernatant and the effluent SMP suggests that polysaccharides and proteins are more likely to accumulate in the MBR bulk sludge to form BPC solutes, whereas humic matter is less prone to accumulation in the MBR suspension. It is expected that the hydrophobic interactions and cationic bridging between the humic-like substances and the biomass sludge induce the sorption of humic materials onto the solid phase of the sludge [38] . In terms of their chemical composition, BPC are closer to SMP than to EPS (Fig. 4) , which suggests that SMP are probably the main precursors of the BPC in the MBR system.
BPC formation and its role in membrane fouling
SMBR provides a unique environment for the formation and accumulation of BPC in the bioreactor. Unlike the conventional activated sludge process, which relies on sedimentation for biomass-effluent separation, the MBR utilises membrane filtration for this purpose. The filtration of a high concentration of sludge results in a layer of sludge attachment, even if it is temporary and reversible, on the membrane surface. A number of studies have shown that the sludge deposition on the membrane surface, rather than pore clogging, is the main cause of membrane fouling [3, 5, 7, 9] . The sludge fouling layer on the membrane functions as a porous medium for filtration with an adsorption or affinity capability to retain SMP and colloidal organics [6, 7] . Because of the effect of filtration, SMP and loose EPS of different sizes concentrate in the sludge layer where they have a greater chance of attaching to each other to form BPC. The forces for SMP aggregation and clustering may include hydrogen bonding, hydrophobic interaction, van der Waals forces and electrostatic attractions [39] . A fluid shear force is maintained by aeration in the SMBR to attenuate the sludge layer growth on the membrane surface. With the turbulent shear, the sludge attached to the membrane, together with the SMP and BPC, is scoured continuously back to the sludge suspension.
Both the SMP and the BPC already in the sludge suspension are forced by filtration onto the membrane surface. Owing to their large sizes, the BPC have a greater likelihood of being retained in the sludge layer than do the SMP. It is apparent that the dynamic and cycling process of the sludge and the BPC attachment to and detachment from the membrane surface facilitates the clustering and growth of BPC in the SMBR system. However, the large BPC in the sludge suspension are also subject to breakage by the fluid shear, and thus some BPC may be retained in the fouling layer as stagnant foulants. Hence, it is reasonable to believe that SMP are the main precursors of BPC and the sludge cake layer functions as the sink of BPC in the MBR.
The BPC formation phenomenon was demonstrated by a filtration test with CLSM observation. Filtration of the MBR bulk sludge formed a thin sludge layer on the membrane filter, and a few large BPC within the sludge layer were found (Fig. 5a ). The sludge layer was constructed with biomass flocs (green). The bound EPS (yellow) and some small BPC (red) also were visible in the sludge layer. Following filtration of the AS supernatant obtained after sludge sedimentation, a remarkable increase in the number and size of BPC was observed within the sludge layer (Fig. 5b) . BPC (red) were entrapped and incorporated into the sludge layer. Due to their high affinity, BPC appeared to attach with each other to form large-sized clusters that filled the pores in the sludge layer. Some of the BPC formed in the sludge layer were larger than those originally present in the AS supernatant. With the formation and retention of large BPC in the sludge layer, its filtration resistance increased significantly. The apparent formation and growth of BPC in the sludge cake resulted not only from their interception, but also from the aggregation and clustering of SMP and small BPC within the sludge layer. In fact, the new sludge layer with the BPC retained appears to be rather similar to the CS removed from the fouled membrane surface (Fig. 5c ).
Based on the CLSM observations, it can be concluded that membrane filtration of MBR sludge facilitates the formation and accumulation of BPC in the MBR system.
Meanwhile, BPC behave most likely as a glue for the deposition of biomass on the membrane surface to form a sticky and impermeable sludge cake. As previously reported [13, 14] , the sludge cake layer on the fouled membrane surface has much greater specific filtration resistance than does the simple sludge cake formed by the dewatering filtration of the MBR bulk sludge. Therefore, BPC are important foulants in the liquid phase of the sludge mixture.
The crucial role played by BPC in MBR membrane fouling should not be overlooked.
Conclusions
• BPC are a pool of large organic solutes with a size distribution of up to 60 μm in the liquid phase of MBR sludge. Using a triple fluorescent staining protocol, i.e., SYTO9 for microbial cells, ConA-TRITC lectin for polysaccharides and NanoOrange for proteins, the presence of BPC can be well visualised under CLSM. It was evidenced in the experiment reported here that BPC are important MBR foulants that are much larger than SMP and independent of sludge flocs and EPS.
• The CS on the fouled membrane had a BPC content of 16.8 mg TOC/g SS, which is much higher than that of the MBR bulk sludge at 0.4 mg TOC/g SS. Compared with EPS, BPC contain more polysaccharides and proteins and less humic substances. SMP are believed to be the main precursors of the BPC formed in the MBR.
• A filtration test with CLSM observation demonstrated that BPC are formed by the adsorption and affinity clustering of SMP and colloidal organic matter within the sludge layer deposited on the membrane. The BPC behave as a glue to facilitate the formation and growth of an impermeable sludge cake on the membrane surface, thus resulting in serious MBR fouling. An effective operating strategy needs to be developed to minimise the formation and accumulation of BPC in MBR systems. 
